The impact of xenobiotics on intercellular adhesion, a fundamental biological process regulating most, if not all, cellular pathways, has been sparsely investigated. Cell-cell adhesion is regulated in the epithelium primarily by the E-cadherin/catenin complex. To characterize the impact of oxidative stress on the E-cadherin/catenin complex, precision-cut mouse liver slices were challenged with two model compounds for the generation of oxidative stress, diamide (DA; 25-250 M) or t-butylhydroperoxide (tBHP; 5-50 M), for 6 h. At the concentrations used, neither compound elicited cytotoxicity, as assessed by intracellular K ؉ content and leakage of lactate dehydrogenase into the culture media. However, a 25% reduction in non-protein sulfhydryl levels, an indication of oxidative perturbation, was seen in liver slices treated with DA or tBHP. Total protein expression of E-cadherin, ␤-, or ␣-catenin was not affected by challenge with DA or tBHP. A decrease of ␤-catenin in the SDS-soluble fraction of slices, an indicator of the formation of the adhesion complex, was observed. Additionally, a decrease in ␤-catenin interactions with E-cadherin and ␣-catenin, as assessed by immunoprecipitation and Western blot analysis, was seen. Disruption of the E-cadherin/catenin complex by tBHP, but not DA, correlated with enhanced tyrosine phosphorylation of ␤-catenin. These results suggest that noncytotoxic oxidative stress disrupts the E-cadherin/catenin cell adhesion complex in precision-cut mouse liver slices.
The cadherin gene superfamily contains more than forty members that encode for transmembrane proteins regulating calcium-dependent cell-cell adhesion (reviewed in Marrs and Nelson, 1996) . On the basis of functional and sequence comparisons, the cadherin superfamily can be grouped into three classes: (i) fat-like cadherins; (ii) desmosomal cadherins; and (iii) classical cadherins. Classical cadherins comprise a large family of genes which share significant structural conservation and include E-(epithelial), N-(neuronal) and P-(placental) cadherin (Kemler, 1992) . These proteins regulate calcium-dependent cell adhesion at the adherens junction, which is also a site for signal transduction molecules (Tsukita et al., 1991) and for attachment of the actin-based cytoskeleton . This suggests a link between cadherin-mediated cell adhesion and cell signaling pathways.
Initial studies demonstrated that antibodies to classical cadherins immunoprecipitated three cytoplasmic proteins, ␣-, ␤-and ␥-catenin (Ozawa et al., 1989) . ␣-Catenin is linked to the cytoplasmic domain of E-cadherin via ␤-or ␥-catenin; ␣-catenin does not directly bind E-cadherin (Jou et al., 1995) . This finding is supported by studies demonstrating two mutually exclusive cadherin/catenin complexes in cells, ␤-/␣-or ␥-/␣-catenin . Due to homology with vinculin, it is suggested that ␣-catenin links the cadherin complex to the cytoskeleton .
Information concerning the effect of xenobiotics on the E-cadherin/catenin cell adhesion complex is sparse. Cadmium has been shown to disrupt E-cadherin-dependent cell adhesion in renal cells (MDCK and LLC-PK 1 ) via the displacement of extracellular calcium (Prozialeck and Lamar, 1997; Prozialeck and Niewenhuis, 1991) . The tumor promoters 12-O-tetradecanoylphorbol-13-acetate (TPA) and benzoyl peroxide also disrupt the E-cadherin/catenin complex (Jansen et al., 1996) . TPA caused a translocation of E-cadherin from the membrane to the cytosol while benzoyl peroxide ablated E-cadherin protein expression.
It is well established that cadherin-mediated cell-cell adhesion is disrupted via enforced expression of protein tyrosine kinases, most notably v-src (Behrens et al, 1993; reviewed in Daniel and Reynolds, 1997; Matsuyoshi et al., 1992) . Although E-cadherin and ␣-catenin are poorly phosphorylated by tyrosine kinases, catenins containing the armadillo repeat domain (␤-, ␥-catenin and pp120 ctn ) are all excellent substrates. Interestingly, ␤-catenin and pp120 ctn are not phosphorylated by the transformation-defective v-src (Reynolds et al., 1994) , suggesting that these proteins have a role in transformation. Although data suggests that ␤-catenin phosphorylation may not be sufficient for decreased cell-cell adhesion caused by v-src (Takeda et al., 1995) , it remains clear that altered activity of src tyrosine kinases is associated with decreased adhesion.
Activation of c-src by oxidative stress (Devary et al., 1992; Nakamura et al., 1993) lead to our hypothesis that chemically induced oxidative stress would enhance tyrosine phosphorylation of ␤-catenin and disrupt the E-cadherin complex. Several model compounds for the induction of chemically induced oxidative stress exist. Diamide and tert-butyl hydroperoxide induce oxidative stress by the oxidation of intracellular GSH to GSSG, resulting in an intracellular environment favoring oxidation (Kehrer, 1997) . In addition, t-butylhydroperoxide oxidizes NAD(P)H. Precision-cut liver slices were chosen as an in vitro system to investigate xenobiotic effects on cell adhesion for several reasons. Slices are particularly appealing due to the retention of normal spatial and cell-matrix and cell-cell relationships not offered by other in vitro models (reviewed in Parrish et al., 1995) . In addition, recent data have suggested that the activity of several signaling pathways, including c-src, are directly influenced by cell density (Kobayashi et al., 1997; Littlebury et al., 1997; Zen et al., 1994) , a variable that is eliminated in the slice model. In the present study, the impact of chemically induced oxidative stress on the E-cadherin/catenin cell adhesion was investigated in precision-cut mouse liver slices.
MATERIALS AND METHODS
Chemicals. Diamide and t-butylhydroperoxide were purchased from Sigma Chemical Co. (St. Louis, MO). DME/F12 media, fungibact and gentamycin were purchased from Gibco/BRL (Grand Island, NY). Monoclonal antibodies to E-cadherin, ␣-, ␤-catenin, and phosphotyrosine (PY20) and protein A:agarose were purchased from Transduction Laboratories (Lexington, KY). Polyclonal antibodies to E-cadherin and ␤-catenin were purchased from Santa Cruz (Santa Cruz, CA). ECL detection reagents and nitrocellulose membranes were purchased from Amersham (Arlington Heights, IL).
Preparation of liver slices. The livers were excised from 25 g male CD-1 mice and chilled in Krebs-Bicarbonate buffer. Cylindrical cores of 8-mm diameter were cut and slices (275 m) produced on a Brendel/Vitron Slicer (Tucson, AZ). The slices were incubated on mesh screen rollers with DME/ F12 media (phenol red-free) supplemented with fungibact (10 ml/l) and gentamycin (1 ml/l) for 1 h at 37 0 C in 95:5 O 2 /CO 2 . Diamide (DA; 25-250 M) or t-butylhydroperoxide (tBHP; 5-50 M) was added to the media for 6 h.
Cell viability. Slices were placed in 1 ml of deionized/distilled H 2 O and sonicated. An aliquot of 0.4 ml was added to 0.05 ml bovine serum albumin (5 mg/ml) and 0.02 ml concentrated perchloric acid. The mixture was gently shaken and centrifuged at 12,000 rpm for 10 min at 4 0 C. The supernatant fraction was decanted and analyzed for K ϩ concentration using flame photometry (Azri et al., 1990) . The pellet was dried, resuspended in 1 N NaOH and protein concentration determined using the Bradford method (Bradford, 1976) . In addition, lactate dehydrogenase (LDH) activity was measured using a spectrophotometric assay from Sigma Chemical Co. (St. Louis, MO). The assay is based upon the conversion of lactate ϩ NAD to pyruvate ϩ NADH via lactate dehydrogenase; the formation of NADH can be measured spectrophotometrically. Fifty l of culture media or tissue slice supernatant was added to 500 l of LD-L reagent and the absorbance at 354 nm was measured over 5 min at 30 s intervals.
Non-protein sulfhydryl levels (NPSH) were measured as described by Hoivik et al. (1996) . Briefly, slices were homogenized in 500 l of ice-cold 10% TCA and snap frozen in liquid nitrogen. The following day the samples were thawed and spun at 11,000 rpm for 10 min. Fifty l of the supernatant fraction was combined with 200 l of Ellman's reagent [0.5 M Tris, pH 8.9, 1 mM EDTA, 3.96 mg/ml dithiobisnitrobenzoic acid] in a 96-well plate. The absorbance was read at 405 nm. The pellet was dried, resuspended in 1 N NaOH and protein concentration determined using the Bradford method (Bradford, 1976) .
Western blot analysis. Slices were homogenized in lysis buffer (4% SDS) and protein concentration determined using a modified Bradford assay (Bradford, 1976) . Ten g of protein was added to an equal volume of sample buffer [40% (v/v) glycerol, 10% (w/v) ␤-mercaptoethanol, 10% (w/v) SDS, 0.31 M Tris-HCl (pH 6.8), 25 mM EDTA and 0.1% (w/v) bromophenol blue] and boiled for 5 min. Proteins were separated on a 10% (w/v) polyacrylamide gel and transferred to a membrane (70 V, 2 h). The membranes were blocked overnight with 10% nonfat dry milk in TBST [0.1 M Tris, pH 7.5, 0.1 M NaCl, 0.1% prior to the addition of the primary monoclonal antibody for 2 h; E-cadherin and ␤-catenin 1:2500; ␣-catenin 1:1000. Following 3 washes in TBST, the secondary antibody conjugated to horseradish peroxidase (1: 2500) was added for 2 h and the membranes washed 3ϫ in TBST prior to visualization, using an ECL detection method. Western blots were analyzed using the 1-D software package (Scanalytics, Boston, MA) and results presented as percent control.
Detergent solubility. The SDS-soluble fraction of liver slices was prepared using a modification of the protocol used by Hinck et al. (1994) . Liver slices were homogenized in 500 l of a sucrose buffer [300 mM sucrose, 0.2 mM PMSF, 0.2 mM sodium orthovanadate, 50 mM NaCl, 10 mM PIPES, pH 6.8, 3 mM MgCl 2 , 0.1% Triton X-100]. The samples were centrifuged for 10 min (4°C) at 11,000 rpm and the supernatant fraction was removed. Five hundred l of lysis buffer [4% SDS] was added to the pellet to collect the SDS-soluble fraction, which is the predominant location of the functional E-cadherin/␤-catenin/␣-catenin complex in cells (Adams et al., 1996; Hinck et al., 1994; Litvinov et al., 1997) . Protein concentration was determined using the Bradford assay (Bradford, 1976) and 10 g of protein separated by SDS-PAGE for Western blot analysis.
Immunoprecipitation. Liver slices were homogenized in 500 l of immunoprecipitation buffer [1% Triton X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM sodium orthovanadate, 0.2 mM PMSF, 0.5% NP-40]. The samples were centrifuged for 10 min (4°C) at 11,000 rpm. Protein concentration in the supernatant fraction was determined using the Bradford assay (1976) and 100 g of protein was immunoprecipitated with 1 g of a polyclonal E-cadherin, ␤-catenin, or phosphotyrosine antibody (PY20) in a total volume of 500 l. The samples were incubated for 1 h at 4°C on a rocker platform. Ten l of 50% Protein A:agarose was added to each tube and the incubation continued for 45 min. The samples were centrifuged for 10 min at 11,000 rpm and the supernatant removed. The immunoprecipitate was washed 3ϫ in immunoprecipitation buffer prior to the addition of 30 l of 2ϫ sample buffer (90°C). The samples were processed for protein detection using Western blot analysis.
Data analysis.
Values represent mean Ϯ standard deviation of at least 3 independent experiments. ANOVA was performed, followed by a StudentNewman-Keuls test for significance (p Ͻ 0.05).
RESULTS

Cytotoxicity
Initial experiments were designed to determine the viability of precision-cut mouse liver slices following chemically induced oxidative stress. Slices were challenged with diamide (DA; 25 and 250 M) or t-butylhydroperoxide (tBHP; 5 and 50 M) for 6 h. These concentrations were not associated with a decrease in intercellular K ϩ content or an increase in LDH leakage into the culture media (Fig. 1) . In addition, no alterations in these indices were seen following a 9 h challenge of liver slices with DA or tBHP (data not shown). However, higher concentrations of tBHP (500 M-10 mM) were associated with a dramatic reduction in K ϩ levels and, interestingly, decreased ␤-catenin protein expression (data not shown). Nonprotein sulfhydryl content (NPSH) was used as an indicator of oxidative stress. Both DA and tBHP reduced intracellular NPSH levels approximately 25% (Fig. 2) , indicating that, although cell viability was not compromised, these conditions were associated with oxidative stress.
Protein Expression
The total protein expression of the E-cadherin/catenin complex throughout the cells of the liver slice was examined by Western blot analysis. Total protein expression of E-cadherin, ␣-catenin, and ␤-catenin was not affected by either DA or tBHP (Fig. 3) , indicating that non-cytotoxic oxidative stress does not affect the E-cadherin/catenin complex by alterations in overall protein expression of the components. The amount of ␤-catenin in the SDS-soluble fraction, which is the predominant location of the functional E-cadherin:␤-catenin:␣-catenin complex in cells Adams et al., 1996; Litvinov et al., 1997) , was then assessed. A significant decrease in ␤-catenin levels in this fraction was observed following challenge with either DA or tBHP (Fig. 4) , however, E-cadherin levels were not affected. This indicates that chemically induced oxidative stress was associated with a decrease FIG. 1. Viability of precision-cut mouse liver slices following diamide (DA) or t-butylhydroperoxide (tBHP) challenge. Precision-cut slices were pre-incubated for 1 h prior to the addition of DA (25-250 M) or tBHP (5-50 M) for 6 h. Intracellular K ϩ levels were measured and normalized to total protein (top) or LDH measured in the intracellular and media fractions to assess percent of total LDH released (bottom). Each data point represents the mean Ϯ SD of 4 independent experiments, no significant differences between treated and control slices were observed.
FIG. 2.
Non-protein sulfhydryl levels in precision-cut mouse liver slices following diamide (DA) or t-butylhydroperoxide (tBHP) challenge. Precisioncut slices were pre-incubated for 1 h prior to the addition of DA (25-250 M) or tBHP (5-50 M) for 6 h. Intracellular NPSH was measured and normalized to total protein. Each data point represents the mean Ϯ SD of 4 independent experiments; * denotes a significant difference from control, p Ͻ 0.05.
FIG. 3.
Total protein expression of E-cadherin, ␣-and ␤-catenin in precision-cut mouse liver slices following diamide (D) or t-butylhydroperoxide (T) challenge. Precision-cut slices were pre-incubated for 1 h prior to the addition of DA (25-250 M) or tBHP (5-50 M) for 6 h. Total proteins were isolated and expression of E-cadherin, ␣-and ␤-catenin assessed by Western blot analysis. Similar results were seen in 6 independent experiments. in the association of ␤-catenin with E-cadherin at the plasma membrane.
Protein Interactions
To further elucidate the impact of oxidative stress on the E-cadherin/catenin complex in precision-cut mouse-liver slices, an immunoprecipitation/Western blot strategy was utilized. Since ␤-catenin physically interacts with both E-cadherin and ␣-catenin (Jou et al., 1995) , a polyclonal antibody to ␤-catenin was used to immunoprecipitate proteins following chemical challenge. A decrease in the ability of polyclonal antibody against ␤-catenin to immunoprecipitate E-cadherin and ␣-catenin was seen following DA or tBHP exposure (Fig.  5) . A similar pattern of results was observed when a polyclonal antibody to E-cadherin was used to immunoprecipitate ␤-catenin (25 M DA-75.5 Ϯ 3.5; 250 M DA-66.0 Ϯ 16.5; 5 M tBHP 69.5 Ϯ 13.5; 50 M tBHP 64.6 Ϯ 7.3; % control, n ϭ 3). It is important to note that although differences between slices harvested from different mice were seen in comparing duplicate lanes, the pattern of results was reproducible over multiple animals. Disruption of E-cadherin:␤-catenin interactions is consistent with the finding that less ␤-catenin was present in the SDS-soluble fraction. These results add further strength to the interpretation that non-lethal oxidative stress disrupts the E-cadherin/catenin cell-adhesion complex.
Protein Phosphorylation
Enhanced tyrosine phosphorylation of ␤-catenin is associated with decreased cell adhesion (Behrens et al., 1993; Matsuyoshi et al., 1992) . The phosphorylation of ␤-catenin in precision-cut mouse liver slices was examined following DA or tBHP treatment, using an immunoprecipitation/Western blot strategy. Basal levels of tyrosine phosphorylation of ␤-catenin were observed (data not shown); however, tBHP but not DA significantly enhanced the tyrosine phosphorylation of the pro- tein (Fig. 6 ). These data suggest that alterations in the posttranslational modification of ␤-catenin may be related to oxidative stress-induced disruption of the adhesion complex; however, this may not be an exclusive mechanism.
DISCUSSION
These results demonstrate that the E-cadherin/catenin cell adhesion is disrupted by chemically induced oxidative stress in an integrated in vitro system. Previous studies have suggested that the E-cadherin complex can be disrupted by chemical challenge either through divalent cation displacement (Prozialeck and Lamar, 1997; Prozialeck and Niewenhuis, 1991) or decreased protein expression (Jansen et al., 1996) . The data presented in this paper indicate that non-lethal oxidative stress interferes with normal protein-protein interactions of the complex.
Initial experiments were designed to determine conditions of non-cytotoxic oxidative stress using DA and tBHP, two compounds used extensively to induce oxidative stress in a variety of cells, including hepatocytes (Jewell et al., 1986; Mirabelli et al., 1988; Zheng et al., 1996) . It was important to establish viable conditions under which the cell adhesion complex could be investigated. The viability of the liver slices was demonstrated by the finding that intracellular K ϩ was not altered by the culture conditions, or that LDH leakage was not enhanced. A decrease in non-protein sulfhydryls, however, was observed.
In addition, the finding that total protein expression of Ecadherin, ␣-or ␤-catenin was not affected by oxidative stress supports the interpretation that cell viability was maintained following chemical challenge. Caspase-3-mediated cleavage of ␤-catenin is proposed to be an early event in apoptosis (Brancolini et al., 1997) , however, fragments of ␤-catenin were not observed in the present studies, further suggesting that these conditions were not associated with cytotoxicity.
The E-cadherin/catenin cell adhesion complex is anchored via linkage to the actin cytoskeleton. This is of interest given that oxidative stress has long been known to alter the cellular cytoskeleton (Bellomo et al., 1990; Malorni et al., 1991; Mirabelli et al., 1988) . This is supported by the finding that antioxidant protection of hepatocytes from tBHP toxicity is related to cytoskeletal proteins (Kuo et al., 1997; Wang et al., 1996) . In the current studies, however, the E-cadherin/catenin complex was examined as a direct target of oxidative stress.
Formation of a functional adhesion complex is associated with a partitioning of the component proteins into the SDSsoluble fraction of cells (Adams et al., 1996; Hinck et al., 1994) . In addition, disruption of the E-cadherin complex is associated with a marked decrease in the levels of ␤-catenin in this fraction (Litvinov et al., 1997) . Accordingly, a marked decrease in the amount of ␤-catenin present in the SDS-soluble fraction of precision-cut mouse liver slices was observed following DA or tBHP challenge. However, the levels of Ecadherin in this component were not affected. Further evidence for oxidative stress-induced disruption of the complex was the finding that an antibody against ␤-catenin immunoprecipitated less E-cadherin and ␣-catenin following chemical treatment. Interestingly, a greater effect was seen on ␤-catenin:␣-catenin interactions. This finding is supported by recent work which has demonstrated that enhanced phosphorylation of ␤-catenin is associated with decreased cell adhesion through dissociation of ␣-catenin from the complex (Ozawa and Kemler, 1998) . Taken together, these results suggest that chemically induced oxidative stress disrupts protein interactions of the E-cadherin cell adhesion complex.
As observed previously (Behrens et al., 1993; Matsuyoshi et al., 1992; Ozawa and Kemler, 1998) , enhanced tyrosine phosphorylation of ␤-catenin was associated with disruption of the cadherin/catenin complex. ␤-catenin is phosphorylated in response to several growth factors, including epidermal and hepatocyte growth factors. Other tyrosine kinases may phosphorylate catenins, including FER, a non-src cytoplasmic tyrosine kinase (Kim and Wong, 1995) , and Tyk2, a member of the JAK kinase family, (Ruff et al., 1997) . A likely mechanism for the observed effect, however, is the c-src tyrosine kinase. It is well established that cadherin-mediated cell-cell adhesion is disrupted via enforced expression of v-src (Behrens et al, 1993; reviewed in Daniel and Reynolds, 1997; Matsuyoshi et al., 1992) . ␤-catenin is a bona fide substrate of c-src (Reynolds et al., 1994) and this kinase is activated by oxidative stress (Devary et al., 1992; Nakamura et al., 1993) . Therefore, the FIG. 6. Tyrosine phosphorylation of ␤-catenin in precision-cut mouse liver slices following diamide (DA) or t-butylhydroperoxide (tBHP) challenge. Precision-cut slices were pre-incubated for 1 h prior to the addition of DA (25-250 M) or tBHP (5-50 M) for 6 h. Proteins were immunoprecipitated with a PY20 antibody and the immunoprecipitates assessed for ␤-catenin by Western blot analysis. The mean Ϯ SD of 3 independent experiments is shown; *, indicates a significant difference from control (p Ͻ 0.05); ** indicates a significant difference from control (p Ͻ 0.01).
activity of c-src following chemical challenge is under investigation. It is noted that although both DA and tBHP had similar effects on non-protein sulfhydryls, the effects of tBHP were greater than those observed for DA with regard to the protein-protein interactions of the complex. In addition, tBHP, but not DA, significantly enhanced the tyrosine phosphorylation of ␤-catenin. This suggests that although post-translation modification (tyrosine phosphorylation) of the complex may be important to chemically induced disruption, other mechanisms may exist.
Another potential mechanism of oxidative-stress-induced disruption of the E-cadherin/catenin is serine phosphorylation. Serres et al. (1997) have shown that hyperphosphorylation of ␤-catenin on serine-threonine residues is associated with decreased cell-cell adhesion. In addition, serine phosphorylation of ␤-catenin regulates the stability of the protein via the ubiquitin-proteosome pathway (Orford et al., 1997) . Preliminary experiments, however, have not shown alterations in serine phosphorylation of ␤-catenin in precision-cut mouse livers following DA or tBHP challenge (Parrish and Gandolfi, unpublished results) .
These results demonstrate that non-lethal oxidative stress disrupts the E-cadherin/catenin cell-adhesion complex. This alteration is associated with alterations in the post-translational modification of ␤-catenin, suggesting altered activity of an intracellular signaling pathway following chemical challenge. Notably, these changes were observed in an integrated in vitro system, which eliminates several confounding variables on the impact of xenobiotics on cell adhesion. Throughout the experiment, the cells were maintained with regard to normal cellcell and cell-matrix interactions. In addition, the impact of cell density on signaling activity was also eliminated. These data provide the basis for further investigation into the molecular effects of oxidative stress as well as intercellular adhesion, as an important molecular target of xenobiotic challenge.
